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To understand how natural sooty mangabey hosts avoid AIDS despite high levels of simian immunodefi-
ciency virus (SIV) SIVsm replication, we inoculated mangabeys and nonnatural rhesus macaque hosts with an
identical inoculum of uncloned SIVsm. The unpassaged virus established infection with high-level viral
replication in both macaques and mangabeys. A species-specific, divergent immune response to SIV was
evident from the first days of infection and maintained in the chronic phase, with macaques showing immediate
and persistent T-cell proliferation, whereas mangabeys displayed little T-cell proliferation, suggesting subdued
cellular immune responses to SIV. Importantly, only macaques developed CD4�-T-cell depletion and AIDS,
thus indicating that in mangabeys limited immune activation is a key mechanism to avoid immunodeficiency
despite high levels of SIVsm replication. These studies demonstrate that it is the host response to infection,
rather than properties inherent to the virus itself, that causes immunodeficiency in SIV-infected nonhuman
primates.

Infections with CD4�-lymphocyte-tropic lentiviruses are
prevalent in numerous nonhuman primate species in Africa.
Despite lifelong simian immunodeficiency virus (SIV) infec-
tion and high-level SIV replication, natural reservoir hosts
maintain normal CD4�-T-cell counts and avoid AIDS (2, 49,
53). In contrast, human immunodeficiency virus (HIV) infec-
tion in humans and experimental SIV infection of nonnatural
Asian macaque hosts (such as rhesus macaques [RMs]) leads
to progressive CD4�-T-cell depletion and AIDS. Understand-
ing the basis of the nonpathogenic host-virus relationship in
natural hosts is likely to provide important clues regarding
AIDS pathogenesis.

In pathogenic HIV and SIV infections, “set-point” levels of
virus replication are directly correlated with rates of CD4�-T-
cell decline and disease progression (36, 57, 60). Studies from
HIV-infected humans and SIV-infected macaques indicate
that CD8 T-cell-mediated responses may, at least transiently,
constitute potent antiviral responses against infection with
CD4 T-cell-tropic lentiviruses and thus appear to be beneficial
to the host (8, 59). However, these responses are ultimately
ineffective in controlling viral replication in the vast majority of
infected individuals, resulting in chronic high antigenemia.

It has long been recognized that pathogenic lentivirus infec-
tions are associated with the progressive loss of uninfected
CD4� and CD8� T cells; this is mainly due to excessive acti-
vation-induced cell death (10, 19, 37). This elevated apoptosis
was thought to arise from the chronic high levels of immune
activation that follow HIV infection (19, 42). The observation

that levels of CD8 T-cell activation predicted the rates of
disease progression as well as, or even better than, viral load
itself did (15, 25, 54), supported the notion that infection-
elicited T-cell activation on its own had a detrimental effect on
the host immune system (16, 21).

More recent studies have helped to elucidate that HIV in-
fection results in the accelerated activation and proliferation of
the effector-memory subset of T cells (22). Expansion of these
cells likely leads to the observed activation-induced cell death
of large numbers of uninfected “bystander” CD4 and CD8 T
lymphocytes and to the direct HIV infection of CD4 T cells
(20, 52). This HIV-induced immune activation likely also in-
terferes with the proper generative function of bone marrow,
thymic, and peripheral sites of lymphocyte proliferation and
differentiation and thus to an inability to replace lost CD4� T
cells (34, 50). Expansion of effector-memory cells is thought to
exert a drain on the naive T-cell pool and to prevent effective
establishment of a normal pool of central memory cells (52),
leaving the host unable to generate either new primary re-
sponses or effective recall responses, including responses to
HIV infection (38). The continuous production of proinflam-
matory and proapoptotic cytokines by the expanded effectors
likely amplifies the bystander immunopathology associated
with HIV infection (13). Combined, these studies of immuno-
deficiency virus infection of nonnatural hosts suggest that
chronic immune activation and increased turnover of certain
T-cell subsets play a prominent role in the pathogenesis of
AIDS.

Naturally occurring examples of persistently viremic yet dis-
ease-free infections remain largely unstudied. In order to un-
derstand the host-virus equilibrium that avoids disease, we
have been analyzing naturally SIVsm-infected sooty manga-
beys (SMs), the source of the human HIV type 2 (HIV-2)
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epidemic (7). The high-level viremia in infected SMs (53) in-
dicates that SIVsm is not effectively controlled by the humoral
or cellular immune responses elicited during infection, an ob-
servation consistent with the limited frequency of SIV-specific
cytotoxic-T-lymphocyte (CTL) responses in vivo (29). To ad-
dress whether SIV infection is cytopathic for SM CD4 T cells
in vivo, we have measured the turnover of virus and infected
cells by using the same methods that have been used in HIV-
infected patients and SIV-infected RMs (24, 44, 61). These
studies indicate that SIVsm viremia is maintained by multiple
rounds of de novo infection of CD4 T cells, whose longevity is
estimated to be as short as the infected CD4 T cells present in
pathogenic HIV and SIV infections (R. M. Grant and M. B.
Feinberg, unpublished data); thus, the absence of disease is not
explained by a lack of SIVsm cytopathicity for SM CD4� T
cells. Rather, SIVsm infection of SMs is characterized by low
levels of aberrant immune activation and apoptosis compared
to pathogenic HIV and SIV infections (53). In particular,
SIVsm-infected SMs manifest little if any increased CD8 T-cell
turnover, as is characteristic of HIV-infected humans (53).
Thus, attenuated T-cell activation appears to enable SMs to
avoid the bystander damage seen in pathogenic infections and
to maintain preserved T-lymphocyte populations and regener-
ative capacity. An important question is how chronically
SIVsm-infected SMs come to manifest this subdued cellular
response to SIV infection. In a well-characterized murine
model of an anergic cellular immune response to lymphocytic
choriomeningitis virus infection, an initial massive CD8 T-cell
response to the virus is followed by exhaustion of the respond-
ing CD8 T-cell clones (45).

We reasoned that the comparative study of the initial inter-
actions of SIV with natural and nonnatural hosts could eluci-
date key cellular differences underlying divergent host re-
sponses and infection outcome. To directly compare natural
and nonnatural host responses to SIV, it was necessary to
identify natural and nonnatural hosts that could be readily
infected with the same virus. Although SIVs have been isolated
from numerous natural simian hosts, most of these viruses
have not been characterized with respect to their ability to
readily infect new nonnatural hosts. An SIVagm strain derived
from a naturally infected African green monkey (AGM) in-
duced an AIDS-like syndrome in pig-tailed macaques but,
upon reintroduction into AGMs, the virus established a low-
level viremia that is not characteristic of naturally infected
AGMs (23). Similarly, the molecularly cloned SIVmac239 de-
rived from extensive passage of SIVsm in RMs and that is
highly pathogenic in them replicated poorly when reintroduced
into SMs (26). In an attempt to establish a comparative SIV
infection model in which both natural and nonnatural hosts
could be robustly infected with an identical SIV inoculum, we
inoculated SMs and RMs with unpassaged SIVsm obtained
from a naturally infected SM. SIVsm infection resulted in
substantial virus replication in both SMs and RMs and reca-
pitulated the chronic high viremia seen in naturally infected
SMs. However, only the nonnatural RM host developed chron-
ic T-cell activation, CD4 T-cell loss, and AIDS. This model
demonstrates that the primary determinant of whether or not
disease follows infection is the nature of the host response to
SIV infection and not the virus itself.

MATERIALS AND METHODS

Animals and infections. SMs (Cercocebus atys) and RMs (Macaca mulatta)
were housed at the Yerkes National Primate Research Center and maintained in
accordance with federal guidelines (43). Prior to study entry, the absence of SIV
infection was confirmed by negative SIV PCR of plasma and negative HIV-2
serology for at least 1 year. Three uninfected SMs (aged 4 to 8 years, one male
and two females) and three uninfected RMs (ages 5 to 6 years, all males) were
infected intravenously (i.v.) with 1 ml of plasma obtained from a naturally
SIVsm-infected SM (animal FQi, age 12 years, infected with SIV since age 4
years).

SIVsm RNA quantitation. Viral RNA was directly extracted from 150 �l of
acid-citrate-dextrose anticoagulated plasma by using QIA Amp Viral RNA kits
(Qiagen, Valencia, Calif.), eluted in 55 �l of water, and frozen at �80°C until
batch SIV RNA quantitation was performed. Random hexamers, rather than
sequence-specific primers, were used to prime reverse transcription of the di-
verse quasispecies of SIVsm viral RNA present in naturally infected SMs. Next,
5-�l aliquots of purified plasma RNA were reverse transcribed in a final 20-�l
volume containing 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 5 mM MgCl2, 1 �M
concentrations of each deoxynucleoside triphosphate, a 0.5 �M concentration of
forward primer, a 0.5 �M concentration of reverse primer, a 0.1 �M concentra-
tion of probe, and 5 U of AmpliTaq Gold DNA polymerase (all reagents from
Applied Biosystems, Foster City, Calif.). The primer sequences within a con-
served portion of the SIV gag gene are the same as those described previously
(55). An ABI PRISM 7700 sequence detection system (Applied Biosystems) was
used with the following PCR cycling profile: 95°C for 10 min, followed by 40
cycles at 93°C for 30 s and 59.5°C for 1 min. PCR product accumulation was
monitored by using a probe to an internal conserved gag gene sequence: 5�-FAM
(6-carboxyfluorescein)-CTGTCTGCGTCATTTGGTGC-TAMRA (6-carboxyl-
tetramethylrhodamine), where FAM and TAMRA denote the reporter and
quencher dyes, respectively. The SIV RNA copy number is determined by com-
parison to an external standard curve consisting of virion-derived SIVmac239
RNA previously quantified by the SIV bDNA method (P. Dailey, unpublished
data). All specimens are extracted and amplified in duplicate, with the mean
result reported (53).

Flow cytometry for cell surface markers. Hematological studies and cell sep-
aration were performed as described previously (53). Peripheral blood mononu-
clear cells were analyzed by double- or triple-color fluorescent antibody staining
to determine the percentage and absolute number of specific cell subpopulations
as previously described (53).

Humoral responses. Serum samples were assessed for antibodies to SIV pro-
teins by Western blotting as previously described (4).

Histology and immunohistochemistry. Sections were cut from paraffin-em-
bedded formalin- or paraformaldehyde-fixed tissues, deparaffinized, and stained
with hematoxylin and eosin. Proliferating cells were detected with Ki67 antibody
(Dako, catalog no. A0047) as described previously (12). Apoptotic cells were
identified by detection of DNA fragmentation in situ according to the manufac-
turer’s instructions (Intergen Company, catalog no. S7110).

ISH. SIV in situ hybridization (ISH) of formaldehyde or paraformaldehyde-
fixed, paraffin-embedded tissues was performed as described previously (62)
by using a riboprobe complementary to the 5� 1.1-kb portion of the cloned
SIVmac239 provirus.

Statistical methods. Statistical analyses of viral load were performed on log10-
transformed SIV RNA values. Calculation of the rates of viral growth and decay
during primary infection was performed as described previously (57). Correla-
tions involving different sets of data (i.e., the various immunophenotypic and
viremia variables under study) were determined by using the standard Pearson or
Spearman correlation coefficients.

RESULTS

Uncloned SIVsm from a naturally infected SM replicates to
high levels in SMs and RMs. Although existing SIV strains
commonly used in macaque models were derived by direct
transfer (experimental or accidental) of SIVsm from SMs into
macaques, the initial events surrounding experimental cross-
species inoculation of SIV, such as the efficiency of establishing
infection, the viral replication dynamics, or virus evolution in
the new host, have not been characterized. In this experiment,
three SMs and three RMs were i.v. inoculated with 1 ml of SM
plasma (containing 4 � 106 SIVsm RNA copies/ml) obtained
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from a healthy naturally infected SM. i.v. inoculation was used
to reliably infect and to compare SIVsm replication dynamics
and the divergent host responses to an identical virus inoculum
in the two species. i.v. inoculation likely differs from the cir-
cumstances of natural SIVsm transmission among SMs, which
is thought to occur through sexual routes, whereas zoonotic or
cross-species transmission of SIV to new hosts is hypothesized
to involve exposure to blood or bloody flesh (11, 46).

By using a quantitative reverse transcription-PCR method
that accurately enumerates the highly diverse SIVsm quasispe-
cies in naturally infected animals (53), we observed robust
SIVsm replication in all three SMs (Fig. 1A). Peak virus levels
in the SMs were �107 SIV RNA copies/ml, followed by set-
point levels between 105 and 106 SIV RNA copies/ml. Thus,
experimental inoculation of uncloned SIVsm into SMs
achieved chronic viremia levels identical to those observed in
naturally infected SMs (49, 53). Interestingly, this unpassaged
SIVsm displayed early and vigorous replication in the new RM
hosts (Fig. 1B), with two of three animals experiencing peak
viremia levels of 2 � 109 (RHt4) and 6 � 108 (RZw4) SIV
RNA copies/ml. These peaks of viremia in RMs are up to

40-fold higher than those observed in the natural SM host. One
RM (RQl4) experienced a more delayed and less robust pat-
tern of virus replication; peak levels of viremia likely occurred
between 14 and 28 days postinfection (an interval when no
sampling was performed) and likely exceeded the 5 � 105 SIV
RNA copies/ml observed at day 28.

Previous studies of pathogenic primary HIV and SIV infec-
tion of humans and RMs have demonstrated a rapid initial
viral doubling time of about 7 h in newly infected hosts. Ap-
propriately timed (biweekly) samples were available during the
early viral rise for one RM (RHt4) and one SM (FCo) with
which to estimate virus doubling times. In the SM FCo, the
observed virus doubling time was 9.1 h, which is within the
ranges reported for both pathogenic SIV and HIV infections
(33, 44, 57). In RM RHt4, the calculated viral doubling time
was 8.6 h, which is closer to the mean values reported in two
different studies of SIV infection of RMs (44, 57). Thus, the
initial growth rate of SIVsm upon transfer to a new host spe-
cies (RMs) appears to be at least as fast as that observed in its
natural SM host. Additional studies involving more frequent
sampling will be required to fully document the parameters of

FIG. 1. Viral replication during primary SIVsm infection of RMs and SMs. (A and B) SIV plasma viremia in the three SMs (A) and the three
RMs (B). (C and D) SIV replication was detected by ISH in a lymph node biopsy from a SM (FGu) and a RM (RZw4) at day 14 postinfection.
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early SIV replication that can lead to higher peak viremia in
the nonnatural RM host.

SIV ISH of lymph nodes from one SM and one RM at day
14 postinfection demonstrated readily detectable SIV RNA-
positive cells in both animals (Fig. 1C and D). Silver grain
counts indicated that individual SIV-infected cells in RM
RZw4 contained ca. 30% more grains than were observed in
the lymph node from SM FGu (median grain number 180 � 21
versus 140 � 15, P � 0.05 [data not shown]). This suggests that
on a per-cell basis, SIV reproduces as well, if not even better,
in the new RM host as it does in the natural SM host. Taken
together, these data suggest that extensive viral passaging or
virus selection are not required for SIVsm to readily infect and
replicate to high levels in the new RM host.

RMs and SMs respond to SIVsm infection with divergent
patterns of T-cell activation and proliferation. To monitor the
early response of SM and RM hosts after inoculation with
SIVsm, changes in peripheral blood lymphocyte subsets were
monitored by flow cytometry up to twice weekly for the first 2
weeks postinfection and then monthly thereafter. Within the
first few days of SIV infection, activation of both CD4� and
CD8� T cells was observed in both species (Fig. 2). CD4�-T-
cell activation, as assessed by the percentage and absolute
number of DR� CD4� T cells, initially peaked at days 3 to 7
postinfection. Thereafter, peak levels of virus replication were
observed at days 10 to 14 in all animals (Fig. 2A and B;
representative animals are shown). Finally, a peak of CD8�-
T-cell activation (shown as CD8� CD69� T cells in Fig. 2A and
B) occurred at days 10 to 14. Activated CD8� T cells were
more abundant than activated CD4� T cells in both species, a
finding consistent with previous reports in SIV-infected RMs
(27).

T-cell proliferation was monitored by using Ki67 as a marker
of cycling lymphocytes (14, 40, 47) during acute viral infec-
tion. In recent studies of the anti-SIV CD8�-T-cell medi-
ated immune responses during acute SIVmac239 infection
of MaMuA01� RMs, we have shown that the number of CD8�

Ki67� T cells directly correlates with the number of SIV-
specific CD8� T cells, as assessed by tetramer staining (12).
Consistent with other observations (5), the three RMs mani-
fested higher baseline levels of CD4� Ki67� T cells (5 to 6%)
and CD8� Ki67� T cells (3 to 6%) than did the three SMs (2
to 4% Ki67� CD4� and CD8� T cells; Fig. 2C to F). At 7 to
10 days after SIVsm inoculation, the level of proliferating
CD4� T cells increased to 8 to 13% in the RMs compared to
6 to 7% in SMs (Fig. 2C and D). In the CD8�-T-cell compart-
ment, the RMs experienced peak levels of 8 to 40% prolifer-
ating cells, followed by persistently elevated CD8 T-cell pro-
liferation (Fig. 2F). In contrast, one of three SMs manifested a
transient peak of 15% proliferating CD8� T cells, whereas the

other two SMs did not manifest any appreciable increase in
proliferating CD8� T cells despite similarly high levels of SIV
replication (Fig. 2E). Thus, there appeared to be a species-
specific divergence in the extent of CD8�-T-cell proliferation
induced in response to SIVsm infection. In SMs, there was a
disassociation between the early expression of CD69 on CD8�

T cells and subsequent CD8�-T-cell proliferation. If SM CD8�

T cells did proliferate in response to SIV infection, they did so
to a lesser extent than in RMs, as shown by less CD8�-T-cell
proliferation on the day of peak viremia (Fig. 2G).

In previous studies of acute SIV infection of RMs we have
observed an association between the magnitude of early CD4
T-cell proliferation and subsequent peak levels of SIV repli-
cation (12, 56). In this acute SIVsm infection of RMs and SMs
the percentage of CD4� DR� T cells observed during the
initial peak of CD4�-T-cell activation (days 3 to 7) was signif-
icantly correlated with the subsequent peak levels of virus
replication in plasma (Fig. 2H, R 	 0.98, P � 0.001). After the
acute viremia period, the positive association between CD4�-
T-cell activation and SIV replication disappeared, with RMs
showing higher peripheral blood and lymph node levels of
CD4�- and CD8�-T-cell proliferation than SMs, despite a
slightly lower set-point viremia.

Immunohistochemical analysis of Ki67� T cells in lymph
nodes of one SM and one RM at day 14 also demonstrated
divergent patterns of lymphocyte activation. SM FGu mani-
fested a preponderance of activated B cells within germinal
centers, the formation of multiple secondary follicles, and a
relatively quiescent T-cell zone (Fig. 3A). In contrast, RM
RZw4 manifested limited B-cell activation; rather, extensive
lymphocyte proliferation was observed in the T-cell zone (Fig.
3B). Lymph nodes for the RMs, but not the SMs, were also
noticeably enlarged at this time. Thus, the more extensive
peripheral blood T-cell proliferation observed in RMs versus
SMs was also reflected in the lymphoid tissues.

RMs show a larger postpeak decline in viremia, the magni-
tude of which correlates with the extent of early CD8�-T-cell
proliferation. In pathogenic HIV or SIV infection, the post-
peak decline in viremia coincides with CD8�-T-cell prolifera-
tion and the appearance of virus-specific CD8� T cells (1, 12,
30, 31, 48). Although all animals in the present study serocon-
verted to anti-SIV antibodies, measures of SIV-specific cellular
immune responses were not performed. In order to compare
the extent of virus suppression following peak viremia in SMs
and RMs, the magnitude of viral decline, calculated as the
difference between peak and set-point viremia, was determined
for both species. SMs showed 2.3- to 2.7-log10 decrements in
viremia, resulting in similar set-point levels of viremia of 3.0 �
105 to 5.7 � 105 SIV RNA copies/ml (Fig. 4A). (Set-point
viremia was calculated as the average viremia measured be-

FIG. 2. T-cell activation and/or proliferation and viral replication during acute SIVsm infection of SM and RM. (A and B) Sequential activation
of CD4 T cells, SIV replication, and CD8 T-cell activation in a representative RM (RHt4) and SM (FLn). For CD4� HLA� DR� T cells and CD8�

CD69� T cells, the numbers represent absolute cell counts per cubic millimeter. Plasma viremia is expressed as the log10 SIV RNA copies/milliliter
of plasma. (C to F) Rates of T-cell proliferation in CD4� (C and D) and CD8� (E and F) T cells from three SMs (C and E) and three RMs (D
and F) measured as percentage of Ki67 expression between day 0 and day 40 postinfection. (G) Average percentage Ki67� CD4 and CD8 T cells
on the day of infection and at the time of peak viremia. Peak viremia occurred at either day 10 (animals RHt4, FLn), 14 (animals RZw4, FCo,
and FGu), or day 28 (animal RQl4). For RQl4, measures of Ki67� T cells were not available at day 28; therefore, the next measurement at day
40 was taken. (H) Direct correlation between peak of HLA-DR expression on CD4� T cells and peak plasma viremia in all six animals.
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tween days 100 and 400 postinfection.) In contrast, RMs dem-
onstrated 3.2- to 4.0-log10 decrements in viremia (Fig. 4B),
resulting in somewhat lower set-point viremia levels of be-
tween 4 � 102 and 3.2 � 105 SIV RNA copies/ml. These levels

are lower than those observed after infection with pathogenic
RM-adapted SIVs (12, 26, 57) and more closely resemble the
variation in and magnitude of viremia seen after HIV infection
of humans (35, 36). Thus, SIVsm-infected RMs manifested

FIG. 3. Divergent lymphocyte proliferation profiles in lymph nodes during SIVsm infection of SM and RM. (A) Immunohistochemical staining
with Ki67 antibody of a lymph node biopsy obtained from a representative SM (FGu) at day 14 postinfection. The vast majority of the Ki67� cells
are localized in the B-cell areas, i.e., folliculi and germinal centers, whereas minimal Ki67 expression was observed in the T-cell area (i.e., paracortex).
(B) Immunohistochemical staining with Ki67 antibody of a lymph node biopsy obtained from a representative RM (RZw4) at day 14 postinfection.
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both larger and more variable postpeak declines in viremia
compared to infected SMs.

SIV ISH of lymphoid tissues from the peak (day 14) and one
postpeak time point (day 40) for one SM and RM showed that

the postpeak decline in plasma SIV RNA levels in RZw4 was
accompanied by a 55-fold reduction in the frequency of SIV
RNA� cells in lymphoid tissue, whereas the decline in the SIV
RNA levels in plasma in FGu was accompanied by an 18-fold
reduction in the frequency of SIV� cells (data not shown).
Thus, in terms of both the SIV RNA levels in plasma and the
frequency of infected cells in lymph nodes, the magnitude of
virus suppression was greater in the RMs than in the SMs.

SIV suppression was temporally correlated with the appear-
ance of increased CD8�-T-cell proliferation in all three RMs
and one SM (FLn). Correlation analyses demonstrated a sig-
nificant relationship between the magnitude of peak CD8�-T-
cell proliferation and the magnitude of postpeak decline in
viremia (Fig. 4C, R 	 0.83, P 	 0.04). This CD8�-T-cell pro-
liferation did not appear to be simply a response to the level of
viral antigen load, since there was no relationship between
peak SIV RNA levels and peak CD8�-T-cell proliferation,
especially in the SMs. These data are consistent with observa-
tions in a study of primary SIVmac239 infection of RMs in
which the magnitude of acute CD8 T-cell proliferation re-
flected the strength of the antiviral immune response, as evi-
denced by its temporal correlation with SIV-specific CD8 T
cells and the relationship between the CD8 T-cell proliferative
response and virus suppression (12, 48). If the acutely prolif-
erating CD8 T cells in the present study similarly represent an
SIV-specific cellular immune response, then this would help to
explain the larger postpeak suppression of viremia observed in
the RMs compared to the SMs.

CD4�- and CD8�-T-cell proliferation and lymphocyte apo-
ptosis remain elevated in the nonnatural RM host. To monitor
longer-term trends in T-cell proliferation in the infected ani-
mals, the percentage of Ki67� T cells were evaluated at various
time points after infection and compared to the values ob-
served prior to SIV infection (Fig. 5). In SIV-infected SMs
there was no evidence of chronic elevation of CD8�-T-cell
proliferation (Fig. 5B). A slight increase in Ki67� CD4� T cells
was observed in one SM (FLn; Fig. 5A), a finding consistent
with a two-fold increase in this parameter in a cross-sectional
analysis of a large number of SIV-infected versus SIV-negative
SMs (53). Thus, in SMs considerable levels of SIV replication
(105 to 106 copies/ml) were not accompanied by increased
rates of T-cell proliferation. In contrast, two of the three
SIV-infected RMs showed chronic elevation of CD4�- and
CD8�-T-cell proliferation, despite having similar or lower set-
point viremia than the SMs (Fig. 5). The one RM that expe-
rienced a more attenuated course of SIV infection (RQl4)
maintained baseline levels of CD4�-T-cell proliferation and
showed little evidence of increased CD8�-T-cell proliferation;
thus, this nonprogressing RM was characterized by the absence
of significant T-cell proliferation during both the acute and the
chronic phases of SIV infection. The low viremia and lack of
immune activation in RQl4 may result from better immuno-
logical control of the infection by a more focused and effective
response that does not result in a generalized state of immune
activation, a lack of fitness of the inoculated virus for that
specific animal, or possibly by the inherently more immuno-
logically quiescent status of this particular animal.

Histologic analysis of lymph nodes (Fig. 6) showed that at
day 273 postinfection, a significant degree of paracortical hy-
perplasia was observed only in RMs and was associated with

FIG. 4. Acute CD8�-T-cell proliferation and establishment of
postpeak levels of virus replication. (A and B) Postpeak decline of
plasma viremia and establishment of levels of set-point viremia in SMs
(A) and RMs (B) as measured between days 7 and 450 postinfection.
(C) Correlation between rates of peak CD8�-T-cell proliferation, mea-
sured as Ki67 expression, and magnitude of postpeak decline in plasma
viremia in three SIVsm-infected SMs and three RMs.
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the presence of numerous lymphoblasts, histiocytosis, and vas-
cular proliferation (Fig. 6A). In contrast, lymph nodes from
SIVsm-infected SMs showed a more pronounced follicular
hyperplasia with prominent germinal centers (Fig. 6B). To
determine whether these different patterns of lymphoid acti-
vation were associated with different levels of T-cell apoptosis,
we measured the frequency of apoptotic cells by using the
TUNEL (terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling) assay. The levels of lymphocyte
apoptosis in the paracortex (T-cell-dependent area) in the
lymph nodes of SIV-infected RMs were markedly higher than
those observed in SMs (Fig. 6C to E). In all, these results
indicate that the level of T-cell activation, proliferation, and
apoptosis induced by SIVsm-infection are significantly higher
in RMs than in SMs.

Despite having similar set-point viremia, only RMs experi-
ence significant CD4�-T-cell decline and the development of
AIDS. Significant decline of CD4� T cells was observed in two
of three RMs (Fig. 7A), whereas no decline was observed in
animal RQl4, whose infection was characterized by low viremia
and minimal T-cell activation. In contrast, the percentage of
CD4� T cells showed a minimal decline in all SMs (Fig. 7B),
with absolute numbers remaining within the normal range.
These observations are consistent with the observation that

naturally infected SMs display a modest CD4�-T-cell decline
despite years of SIVsm infection (5, 53). Animals RHt4 and
RZw4 developed AIDS 2.5 and 3.5 years postinfection and
were euthanized. Animal RQl4 was euthanized 5 years postin-
fection without symptoms of AIDS. All three SIV-infected SM
were alive and without symptoms at 5 years postinfection. The
pathogenic outcomes in RMs infected with uncloned SIVsm
were observed without repeated passage of the virus in RMs
and recapitulated the immunological perturbations character-
istic of pathogenic HIV and SIV infections.

DISCUSSION

This study demonstrated that inoculation of naive SMs and
RMs with uncloned SIVsm quasispecies results in early and
active viral replication in both species and achieves set-point
viremia levels in SMs that are similar to those observed in
naturally infected animals. Experimentally infected SMs also
mirrored naturally SIV-infected animals in their near-normal
CD4�-T-cell counts and absence of immunodeficiency, where-
as SIVsm-infected RMs developed AIDS. Thus, infection of
SMs and RMs with uncloned SIVsm provides a new and useful
model to study the factors that lead to divergent infection
outcomes.

Repeated serial passage of SIV in macaques will select for
highly adapted viruses with uniformly high replicative capacity
in the new host and, along with this, an attendant rapid course
of disease (6, 58). However, our observation that SIVsm that
has never been passaged in an RM can replicate to high levels
and cause disease in this new species demonstrates that neither
serial passaging nor an extensive period of SIV adaptation in
the new host is required to cause AIDS. The use of a diverse,
naturally occurring SIVsm quasispecies inoculum, as opposed
to a biologically or molecularly cloned virus, may have enabled
the ready infection of the new RM hosts by providing numer-
ous variants, including ones that might be well suited to rep-
licate efficiently in a new host environment. The observed
facile adaptation of the naturally occurring SIVsm quasispecies
to a new host may help to explain why certain naturally occur-
ring lentiviruses, such as SIVsm, have been so successful at
establishing zoonotic infections (L. Demma and S. I. Staprans,
unpublished data).

Acute viral infections are usually marked by the activation
and expansion of CD8� T cells. In acute HIV-1, SIV, Epstein-
Barr virus, or other viral infections, up to 30 to 60% of periph-
eral blood CD8� T cells have been reported to proliferate (12,
27, 51). Phenotypic and functional studies demonstrate that
significant numbers of these T cells are virus-specific effector
cells (3, 12, 31, 51). The present study of RM and SM re-
sponses to SIVsm infection demonstrated a species-specific
divergent T-cell response that was evident from the first days of
infection. Although rapid activation of T cells was observed in
both species, the magnitude of T-cell activation appeared to be
higher in the RMs, albeit the small numbers of animals pre-
cluded statistical analyses. A clearer dichotomy between the
species was evident in terms of T-cell proliferation; RMs
showed more extensive acute and persistent proliferation of T
cells, especially CD8 T cells, during SIV infection. In contrast,
two of three SMs did not manifest any evidence of acute CD8
T-cell proliferation, despite high levels of peak viremia, and a

FIG. 5. Persistence of chronic high levels of T-cell proliferation
during chronic SIVsm infection of RMs. (A and B) Rates of CD4�

(A) and CD8� (B) T-cell proliferation as measured by Ki67 expression
in three SIVsm-infected SMs and three RMs at day 720 postinfection.
The numbers in the dot plots represent the percentages of Ki67� cells
on total CD4� or CD8� T lymphocytes.
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third SM manifested a transient increase in proliferating cells.
None of the SMs exhibited elevated T-cell proliferation during
chronic infection. The absence of significant T-cell prolifera-
tion during the acute, highly viremic primary infection period
of SMs suggests that SMs do not mount a strong cellular
immune response to SIV infection. Conversely, the strong cor-

relation between significant levels of acute CD8�-T-cell pro-
liferation in RMs and the more dramatic postpeak suppression
of viremia suggests that virus-specific CD8�-T-cell responses
were more active in RMs. The application of SIV-specific cel-
lular immune response assays will be required to corroborate
that the observed species-specific differences in acute levels of

FIG. 6. Elevated T-cell activation and apoptosis in lymph nodes
from chronically SIVsm-infected RMs. (A and B) Hematoxylin-eosin
staining of a lymph node biopsy obtained from a representative RM
(RZw4) (A) and SM (FGu) (B) and at day 273 postinfection. (C and
D) Levels of apoptosis, as measured by TUNEL staining, in a lymph
node biopsy obtained from a representative RM (RZw4) (C) and SM
(FGu) (D) and at day 273 postinfection. (E) Frequency of apoptotic
cells in lymph nodes.
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proliferating T cells reflect differences in SIV-specific cellular
immune responses.

A lack of T-cell proliferation during acute SIV infection of
SMs was also evident in the lymph nodes during peak viremia.
Instead, a prominent B-cell expansion and the formation of
multiple secondary follicles within germinal centers was ob-
served. These observations are consistent with histological
analyses of acute SIVagm infection of the natural host species
AGMs (9) and suggest a common pattern of early natural host
responses to SIV infection that involve little activation of the
cellular immune response (41).

Species-specific divergent patterns of T-cell proliferation
continued to be evident during chronic infection, with RMs
exhibiting higher levels of T-cell proliferation. The absence
of elevated T-cell proliferation despite substantial set-point
viremia in SMs has been confirmed in a large number of
experimentally SIVsm-infected animals (A. Barry and M. B.
Feinberg, unpublished results). Thus, experimental SIVsm in-
fection of SMs recapitulates the relatively immune quiescent
host-virus equilibrium observed in naturally infected SMs (53).

That SMs do not lose CD4� T cells despite significant levels
of SIV replication demonstrates that SIV replication alone
cannot account for CD4�-T-cell loss. Any direct cytopathic

effects of SIV infection that SMs experience are not, in and
of themselves, sufficient to cause progressive and irreversible
damage to the immune system. Rather, it must be the differ-
ences in SM and RM responses to SIV infection that lead to
divergent disease outcome. Thus, whereas substantial levels of
T-cell proliferation were observed in the SIVsm-infected RMs,
SMs exhibited modest T-cell activation during the acute in-
fection period and showed little evidence of elevated T-cell
proliferation during either acute or chronic infection. If the
elevated Ki67� T cells observed in RMs reflect increased pro-
liferation of effector T cells, as has been demonstrated in
HIV-infected humans (22), this would cause the expansion of
cells that produce proinflammatory and proapoptotic cytokines
that could lead to bystander effects. Indeed, in RMs the partial
suppression of SIV replication was accompanied by increased
CD4�- and CD8�-T-cell proliferation and increased lympho-
cyte apoptosis. These data suggest that circumstances of per-
sistent SIV antigenemia in nonnatural hosts result in chronic
immune system activation, evidenced by increased T-cell pro-
liferation and apoptosis, that contribute to CD4 T-cell loss. To
elucidate the role of SIV-specific cellular immune responses in
this immunopathology will require the successful inhibition or
elicitation of such responses in nonnatural and natural host
species, respectively, prior to or during primary SIV infection
(12). Studies of SIV-specific humoral responses in natural and
nonnatural host species will be required to determine the role
of antibodies, if any, in the observed divergent disease out-
comes.

The present study indicates that establishment of the non-
pathogenic SM-SIVsm equilibrium differs from the manner in
which certain lymphocytic choriomeningitis virus strains estab-
lish CD8 T-cell anergy in mice through an initial CD8 T-cell
expansion, followed by the subsequent exhaustion of virus-
specific CD8 CTLs (41). The apparent absence of a substantive
T-cell response from the first days of SIV infection of SMs
suggests a break between the innate and adaptive immune
responses or an altered innate response to infection. This new
information informs ongoing follow-up studies, which suggest
altered natural killer and dendritic cell responses to SIV in-
fection of SMs (A. Barry, S. I. Staprans, and M. B. Feinberg,
unpublished results). Ongoing studies are aimed at dissecting
the cellular and molecular basis of the observed divergent,
species-specific responses to SIVsm and whether SMs also
mount subdued responses to other cellular pathogens. SMs are
not obviously compromised in their ability to mount cellular
immune responses to other pathogens and do not experience
elevated rates of disease after infection with persistent patho-
gens, such as cytomegalovirus and STLV-1 (28; H. McClure,
unpublished data). An intriguing exception is that, in contrast
to RMs and humans, SMs readily succumb to lepromatous
leprosy (17, 18), perhaps reflecting inadequate induction of an
innate inflammatory or Th1-biased adaptive immune response
(32, 39).

In summary, this comparative study of RMs and SMs in-
fected with SIVsm suggests that SMs are able to maintain
normal CD4�-T-cell levels despite substantial virus replication
by virtue of their attenuated cellular immune responses to SIV.
An absence of significant T-cell proliferation is evident from
the first days of infection, apparently avoiding the establish-
ment of a state of chronic generalized immune activation that

FIG. 7. CD4� T-cell depletion and AIDS during SIVsm infection
of RMs. (A and B) Measurements over time of CD4� T cells in three
SIVsm-infected RMs (A) and three SMs (B) between days 0 and 720
postinfection. Each line represents an individual animal.
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would elicit deleterious bystander effects, such as those ob-
served in HIV infection of humans. The species-specific re-
sponses observed in the present study demonstrate how host
factors are critical in determining the divergent outcome of
SIVsm infection in natural and nonnatural hosts. The increas-
ing recognition that HIV-induced AIDS in humans may result
from host responses that can eventually cause immunopathol-
ogy provides new avenues for investigation and may lead to the
identification of immunomodulatory interventions that inhibit
harmful host responses to HIV infection.
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